We consider the possibility of fingerprinting the presence of heavy additional Z ′ bosons that arise naturally in extensions of the standard model such as E6 models and left-right symmetric models, through their mixing with the standard model Z boson. By considering a class of observables including total cross sections, energy distributions and angular distributions of decay leptons we find significant deviation from the standard model predictions for these quantities with right-handed electrons and left-handed positrons at √ s=800 GeV. The deviations being less pronounced at smaller centre of mass energies as the models are already tightly constrained. Our work suggests that the ILC should have a strong beam polarization physics program particularly with these configurations. On the other hand, a forward backward asymmetry and lepton fraction in the backward direction are more sensitive to new physics with realistic polarization due to interesting interplay with the neutrino t-channel diagram. This process complements the study of fermion pair production processes that have been considered for discrimination between these models.
Introduction
The International Linear Collider (ILC) is a proposed high energy, high luminosity electron-positron collider with the mission of studying the standard model (SM) at high precision and to look for signals beyond the standard model [1] . It has been proposed that an initial beam polarization program can also significantly enhance its capabilities in meeting these objectives, see ref. [2] .
One of the important processes that will be studied at high precision at ILC with and without beam polarization [2] is W -pair production. Phenomenological studies of this process within the SM and some extensions have been carried out in great detail [3, 4] starting many years ago. Since properties of the weak gauge bosons are closely linked to electroweak symmetry breaking (EWSB) and the structure of the gauge sector in general, detailed study of W physics will throw light on what lies beyond the SM.
On the other hand, it is entirely likely that there are additional Z bosons, denoted by Z ′ in the TeV range, see for instance the review section in ref. [5] . These are present in several economical extensions of the standard model. With this strong motivation, signatures of such a gauge boson is searched for in the past and existing colliders. Direct and indirect searches at LEP as well as at TeVatron and other existing facilities provide bounds on the masses of this particle and on other model parameters. Direct searches at TeVatron put lower limits of 630 − 1030 GeV [6, 7] and LEP 2 put limits of 673 − 1787 GeV [8] , while electroweak precision analysis of LEP provide lower limits of 475 − 1500 GeV [9] on the mass, depending on the model considered. Even if not directly produced, they can be finger printed easily as they would mix with the traditional Z 0 of the electroweak model. Thus W -pair production process has a winning edge compared to fermion pair production when it comes to the effect of this mixing. This is because, as these Z ′ do not interact with the standard W bosons, the W -pair production process is insensitive to the presence of Z ′ in the absence of mixing. In contrast, fermion pair production process is sensitive to the presence of Z ′ even in the absence of mixing. We note that although such mixing is highly constrained by precision measurements at LEP and by other existing experimental data [5] , with the high statistics expected at the ILC for W-pair production, even such small mixing can be probed effectively. The new effects could be manifested in departures from the standard model cross section for W-pair production, and in various differential distributions and asymmetries.
Recently in the context of the littlest Higgs model(LHM), which also contain Z ′ bosons, we demonstrated the utility of several simple distributions in fingerprinting the model [10] . As a result, it may be worthwhile considering how other popular Z ′ models arising in E 6 unification and so called left-right symmetric models (LRSM) and alternative left-right symmetric models (ALRSM), which have also been considered by the CLIC Physics Working Group [11] , can subject themselves to a diagnosis. This is the main aim of the present work. We have studied the process at reference energies of 500, 800 and 1000 GeV, and find that effects are pronounced only at the higher energy. In addition, we conclude that initial beam polarization can significantly enhance the diagnostic ability of the ILC. In particular, for the class of models we are considering these effects are of importance for right-handed electrons and left-handed positrons in the process we are considering. This may be understood as arising from the dominant t-channel SM contribution which gets erased away with this choice of beam polarization revealing the new physics contributing through the s-channel. The above argument holds in the case for realistic degrees of polarization of the beams; it is expected that about 90% electron polarization would be achievable along with a positron polarization of 60% [2] . We present our results for both these cases and find that there are interesting effects even for the latter case as the t-channel contribution which now survives, can play an interesting and effective role.
We will use the observables considered by us in our earlier work, ref. [10] , which are total cross sections, single energy distribution of the secondary lepton, lepton angular distribution and forward-backward (FB) and left-right (LR) asymmetries. In addition to the above we consider an important and useful energy-energy correlation of the type first considered in the context of some anomalous gauge couplings by Dicus and Kallianpur [12] . Despite its obvious utility it has not received much attention, and we will demonstrate how this correlation in combination with beam polarizations can extract important information on Z ′ models. The scheme of this paper is the following: In Sec. 2 we discuss the details of the models we are considering. In Sec. 3 we consider the kinematics of the process and the subsequent decays in great detail. The section is organized in several subsections for convenience. In Sec. 4 we present a discussion including a comparison of W -pair production with fermion pair production considered in the literature, and our conclusions.
Z ′ Models
The presence of an additional neutral gauge boson (Z ′ ) is anticipated in many extensions of the SM. Some grand unified theories (GUT) like those based on E 6 , which contain the gauge group of
′ symmetries (for a recent review, see, e.g. ref. [13] ). These could also arise in superstring theories. There are many other extensions of the SM with dynamical symmetry breaking, Little Higgs models (LHM), LRSM and ALRSM also with extended gauge sectors. In models with large extra dimensions, Kaluza-Klein excitations of the SM gauge bosons propagating in the bulk manifest as extra gauge bosons in four dimensions. For our purposes we confine our attention to certain GUT models based on E 6 and LRSM and ALRSM. We will study the presence of an extra U (1)
′ symmetry present in addition to the SM gauge symmetries, arising in the candidate models mentioned above. In some of these models there could be more than one neutral gauge bosons along with possible presence of heavy charged gauge bosons. We assume that any such additional gauge bosons decouple from the particle spectrum 3 under study, and therefore will be ignored in this study.
The new gauge boson Z ′ could mix with the SM gauge boson to give the physical eigenstates. As explained later in this section, the W -pair production in e + e − collisions has the advantage of directly probing the mixing unlike, for example, the fermion pair production process. This is because, the W does not interact directly with the Z ′ . While such mixing is highly constrained by the current experimental constraints, it may still be possible to probe its effect in a high energy, high luminosity machine like the ILC. With very high statistics expected for W -pair production at ILC, this process has the potential to probe even very small mixing permitted.
Let us now turn to some general features of the scenario. Here we closely follow the discussion in ref. [13, 14] . With one additional U (1)
′ symmetry, the mass term of the neutral gauge bosons may be written as, We now turn our attention to the Zee coupling. The fermion couplings are highly model dependent. In the following we will very briefly describe this coupling in the models considered. A detailed analysis can be found in the literature including [13] . The neutral current interactions of electrons with the gauge bosons are given by the Lagrangian term,
where J µ em is the electromagnetic current with which the photon interact, J µ SM is the current with which the SM neutral gauge boson, Z 0 interact, and J ′µ is the current with which the new neutral gauge boson, Z ′ interact. In terms of the projection operators P L,R = (1 ∓ γ 5 )/2 the currents take the form
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The SM couplings involved in J µ SM are expressed in terms of the Weinberg mixing angle, θ W as
Fermion couplings corresponding to the current, J ′µ in the cases of models considered in our study are tabulated in Table 2 . 
In the next section, we will compare the effects found in the above models, with those arising in the Littlest Higgs scenario whose collider signature at the ILC with polarized beams was recently considered in ref. [10] . Briefly stated, in this scenario, the Higgs fields are considered to be the Nambu-Goldstone Bosons (NGB) of the non-linear realization of some global symmetry breaking.
In our numerical analysis for LHM, there are two free parameters f and θ H . As argued by [15] , precision electroweak measurements restrict the parameters to be f ∼ 1 TeV and 0.1 < cos θ H < 0.9. In our study we consider a value of f = 1 TeV and cos θ H = 0.3 satisfying these restrictions. The three-point gauge couplings involving W W are given by:
where all the momenta are considered outflowing, and
Direct search results from pp collisions at TeVatron as well as precision electroweak analysis constrain the parameters discussed in the previous section [5] . In most cases Z 2 mass slightly smaller than 1 TeV is permitted. This is translated into allowed range of couplings in a specific version of E 6 model as presented in Table 1 . In our numerical studies we consider a conservative value of 0.003 and 100 MeV for the mixing angle and the parameter ∆M , respectively. The above parameter choices correspond to a Z 2 of mass ∼ 1400 GeV .
For a non-exhaustive list of phenomenological studies of Z ′ in the context of LHC as well as ILC, see reference in [16, 17, 18, 19] . Previous phenomenological studies of e + e − → W W process in the context of Z ′ have considered different observables at the production level [14, 19] , and have obtained the reach of ILC in probing the model. In this work our main focus is on various observables constructed with the decay products of the W 's produced. One obvious advantage is that these observables do not require full reconstruction of the W W events, unlike in the former case. In this section, we will first report our analysis of the process at the production level with a study of the total cross section, and subsequently analyze different decay distributions and other observables.
The total cross section
We compute the total cross section incorporating beam polarization using the helicity amplitudes given in ref. [3] with the new couplings and with the added contribution due to the exchange of Z 2 . With beam polarization, in general, the polarized cross section may be expressed as:
where
, with e L,R representing the left-and right-polarized electrons (and positrons), respectively. The degree of polarization is defined as:
where N L,R denote the number of left-polarized and right-polarized electrons (and positrons), respectively. More than 80% of electron beam polarization and large positron beam polarization are expected to be achieved at ILC. In our analysis we consider both the ideal possibility of 100% polarization along with the realistic polarization of the beams that will be achieved at ILC.
The models considered here are insensitive to the total cross section even at higher centre of mass energies. The inclusion of beam polarizations has no significant effect. In Table 3 , we present the total production cross section for SM and Z ′ models considering both unpolarized and polarized beams. It can be seen that at √ s=500 GeV, the deviation for different Z ′ models from the SM using unpolarized beams is about 0.05 -0.3%. The deviation is slightly increased to about 0.7% at √ s=800 GeV. Switching on the polarization with left-handed electrons and right-handed positrons it is seen that with this choice of polarization the cross section is about four times more than the unpolarized case. Although the deviation in this case follows the same pattern as the unpolarized one, but due to the larger size of the cross section Z − Z ′ mixing can be studied more effectively. However with right-handed electrons and left-handed positrons, due to the absence of the dominant t channel the mixing effect is more pronounced, even though the cross section is very small compared to the other two cases. This particular combination thus leads to an increased signal by background ratio. It can be seen that the deviation is about 24% for different E 6 models and 50% for the LRSM and ALRSM model at √ s=800 GeV, with 100% beam polarization. We have only presented the figure for this particular case. In Fig. 2 we present the total production cross-section in the case of SM and E 6 (χ) as this has a maximum deviation compared to other E 6 models. Moreover, it can be seen that the percent deviation of LRSM and ALRSM are equal with this specific choice of beam polarization. LHM is also plotted for comparison. Since the gauge structure of LHM is different from the other Z ′ models considered here, it behaves differently from them. It is not much constrained compared to the other models as can be seen from Fig. 2 . Taking into account the polarization which will be achieved at ILC, different E 6 models show about 4% deviation from the SM. The percent deviation for LRSM and ALRSM is about 9% compared to 50% obtained in the ideal case.
Double Energy Distribution
In order to exploit further the process at hand, it is profitable to consider the decays of one or both the W 's. Let us consider e + e − → W + W − with both 
where Θ is the scattering angle and β = (1 − 4m 2 W /s) is the velocity of the W in the centre of mass frame, √ s being the centre of mass energy. The other angles, θ * ∓ and φ * ∓ are the polar and azimuthal angles of the lepton/antilepton in the rest-mass frame of W ∓ with boost direction of W − along the z-axis, respectively. The production and decay tensors, P λλ λ ′λ′ , D λ λ ′ andDλ λ ′ are given in [3] . The energy of the l ∓ in the centre of mass frame is related to θ * ∓ in the following way:
This allows us to obtain the double energy differential cross section from Eq. 12 as
Following the notation of Dicus and Kallianpur [12] , the energies of the leptons E l ± are expressed as dimensionless variables X l ± defined as:
X l ± varies between 0 and 1. In Table 4 we present the percentage of events in bins of X l − and X l + obtained from
√ s = 800 GeV using unpolarized beams. As expected in the case of SM the distribution peaks at maximum values of X l − and X l + . This behaviour dominates in other models as well. Since the matrix in Table 4 is symmetric under interchange of X l − and X l + (see Ref. [12] for explicit expression), we have shown only the upper half. We have numerically checked that the matrix is indeed symmetric. A combination of the effects result in about 5% deviation in the case of E 6 (χ) and ALRSM models, but with a qualitative difference. In the case of E 6 (χ) it is an enhancement, whereas in the ALRSM case there is a reduction. The effect is reduced to smaller than 4% in the case of E 6 (η) model, while in the case of E 6 (ψ) and LRSM models it is a very negligible contribution of about 1%. The most sensitive bin in all the cases is the one with 0.2 ≤ (X l − , X l + ) ≤ 0.4, with about 0.6% of the total events in the case of SM. Such small deviation of a few percent is therefore hard to detect even at a high luminosity machine like the ILC. On the other hand, the LHM model, while showing similar qualitative behaviour, deviates from the SM value by about 34% in the same bin, leaving scope of detection at the ILC.
In the above analysis we have not made any attempt to optimize our results by considering different binning options. We expect the qualitative behaviour to remain more or less the same even in the optimal case. This is supported by Fig. 3 and Fig. 4 , where we plot the double energy distribution for SM and the deviation from SM expressed as
We can see from Fig. 3 as discussed before, in the case of SM the distribution peaks at maximum values of X l − and X l + .
The use of right-handed electron beam and left-handed positron beam is expected to have a much larger sensitivity to all the models. In the case of LHM, while the new gauge boson do not contribute, owing to the fact that this does not couple to the right-handed electrons, the changed fermionic couplings of the SM gauge boson provides substantial effect [10] . In this case, the tchannel contribution is not present, and therefore both the SM as well as new Table 4 : Percentage of events at √ s=800 GeV with unpolarized beams in bins of X l − and X l + corresponding to different models: a =SM, b=E 6 (χ), c=E 6 (ψ), d=E 6 (η), e=LRSM, f =ALRSM and g=LHM. The parameters for U (1) ′ models, θ=0.003 and δM =100 MeV, while for LHM f = 1 TeV and c = 0.3 are used 12 physics contributions show a symmetric behaviour. The difference in the two cases is, as expected, a constant shift, either positive or negative. At √ s = 800 GeV, about 50% deviation is seen for both LRSM and ALRSM models, while E 6 (ψ) has about 40% deviation. The other two models show slightly reduced sensitivity with about 30% and 12% deviations in the case of E 6 (χ) and E 6 (η) models respectively.
Single Energy Distribution
Energy distribution of the secondary lepton obtained by integrating the double energy distribution in Eqn. 14 over E l + , is another observable that might give There is no appreciable deviation in the case of unpolarized beams (and in the case of left-handed electron beams). We notice that the LRSM and ALRSM cases behave qualitatively differently compared to the E 6 models and the LHM. While in the former case there is a reducing effect for the entire range of X l − , the latter has an increasing effect. This could be used as a discriminating factor between the left-right symmetric models and the other models used. Note that in the case of realistic degrees of polarization since the neutrino t-channel effects are present, the panels comparing ideal and realistic degrees of freedom appear quite different as functions of X l − .
Angular Spectrum of the Secondary Lepton
We next consider the angular distribution of one of the secondary leptons. The way of calculating the angular distribution is done in our earlier work [10] , which we follow here. The angular distributions for different polarization combinations in case of different models is calculated for √ s =800 GeV. As in the earlier cases, the case of unpolarized beams and the case of left-handed electron beams are not significant in the case of angular distribution as well. But the case of right-handed polarization of electron beam along with the left handed polarization of the positron beam provides much better discrimination. This distribution is shown in the Figs. 7, 8 for both the ideal and realistic degrees of beam polarizations. Qualitatively, the picture as regards discrimination between the models, remains more or less the same as in the case of single energy distribution, except that there is a small difference between the two cases of left-right symmetric models considered. In the best case, the ALRSM model shows a deviation of around 45% for the parameter set used. 8 shows the forward-backward asymmetric behaviour arising from the Zee coupling, which is different for different models considered. With this observation, we may obtain the fraction of leptons emitted in the backward direction, which may be defined as
This fraction is a useful quantity to consider in the case of unpolarized and left-polarized electron beams as well. In Table 5 we present these fractions for √ s = 500 GeV, 800 GeV and 1000 GeV. The result shows with unpolarized beams about 3-4 % of the leptons are emitted in the backward hemisphere. The deviation is about 3% in going from SM to E 6 (χ) and ALRSM which are more sensitive compared to other models. At √ s=800 GeV, the deviation becomes more significant and is about 8%. However LHM being more sensitive shows ∼ 36 % deviation at √ s=500 GeV which further increases with energy. This above results are slightly increased by switching on the beam polarization to left-handed electrons and right-handed positrons. The departure from ideal degrees of polarization does not play a significant role at the level of significant places retained in the tables for this configuration. We see from Table 5 that for the case of polarization with about 90% of right handed electrons and 60% of left handed positrons, the deviation increases. Owing to the near absence of the dominant t-channel neutrino diagram with this polarization configuration, the new physics contribution shows up in the fraction of the leptons emitted in the backward direction. Thus at √ s= 800 GeV for E 6 (ψ) and E 6 (χ) there is about 15% deviation from SM, whereas E 6 (η) is more constrained with only 5% deviation. The symmetric models ALRSM and LRSM are more sensitive with about 30% deviation.
In the case of completely right handed electrons and left handed positrons, from the same table it may be seen that all the models give rise to the same prediction as the SM. This is a consequence of the near symmetric behaviour in the angular distributions as shown in Fig. 7 . Due to this property the new physics effects in f back and A F B are essentially wiped out. It is important to note that this feature persists with completely right-polarized electron and partially left-polarized positrons, and vice versa.
Another useful observable related to the angular asymmetry is the forwardbackward asymmetry defined as
The values for this asymmetry is also presented in Table 5 for different models at three different collider energies. This asymmetry shows a similar behaviour as that of the fraction of the leptons emitted in the backward direction as regards the beam polarization configurations and discrimination between the models. In fact, the two observables are intimately related: A F B = 2f back − 1. However, since they are experimentally realized differently, it may be appropriate to consider both of them.
Left-Right Asymmetry
The left-right asymmetry is another important observable to be considered for studying the new models. We define the left-right asymmetry in the differential cross section as:
where θ is the W scattering angle. The Z ′ of the U (1) ′ models considered here couples to both left-and righthanded fermions, but with varying relative couplings. Thus, one would expect appreciable change in the asymmetry between the left-and right-polarized cross Table 5 : Fraction of leptons emitted in the backward direction, and the forwardbackward asymmetry for all models for unpolarized and polarized beams with a parameter choice of θ=0.003 and ∆M = 0.1 GeV. The parameters for LHM are f =1 TeV and c=0.3
sections. But compared to these the new gauge boson in the LHM has the peculiar property of coupling only to left-handed fermions as mentioned earlier. Fig. 9(a) shows the LR asymmetry for √ s=800 GeV. Even at low energies the deviation becomes apparent. Notice also that the LHM now pair with the leftright symmetric models unlike in the case of energy and angular distributions shown in Figures 5 and 7 , providing us another tool for discriminating different models from each other. We may go one step further by considering an integral version of this asymmetry as better efficiency may be obtained this way, by integrating each of the differential cross sections from an opening angle θ 0 up to an angle π −θ 0 , for various realistic values of θ 0 to which the data can be integrated without difficulty. We define the integrated left-right asymmetry as:
where σ θ0 stands for π−θ0 θ0
(dσ/dθ) dθ. This asymmetry, for different parameter models is plotted against the centre of mass energy in Fig. 9(b) with θ 0 =0. Dominance of the t-channel in the W -pair production establishes a highly forward peaked cross section, whereas as is seen from Fig. 9 (a) the deviations in LR asymmetry grows with the scattering angle, except for a region near θ = 180 degrees. Thus, the cut-off angle can be effectively used to increase the deviation in the asymmetry. The results are presented in Table 6 for different cut off angles in different models at different centre of mass energies. An asymmetric cut off, meaning and integrated asymmetry between scattering angles, θ 10 and π − θ 20 , with θ 20 = θ 10 , may improve the situation quantitatively. Again, as in the case of other observables, our gaol in this report is to demonstrate the viability of identifying deviations from the SM case, and further providing tools to disentangle different possible models. With this illustrative purpose in mind, we do not attempt to optimize the investigation.
Discussion and Conclusions
In the present work we have considered a class of additional Z ′ models which are of interest to the linear collider community, both at the ILC as well as at CLIC. While the masses of these bosons are already required to be significantly high, their imprint through mixing with the standard model Z boson is the subject of this investigation. By considering popular E 6 and left-right symmetric models like LRSM and ALRSM we have demonstrated that the new physics signatures due to these models can be imprinted only at higher center of mass energies. In the LHM model considered in our earlier work [10] , Z ′ had the property of coupling only to left-handed fermions. This is in contrast to the other models considered here where Z ′ behaves like the SM Z. Thus compared to LHM, these models do not show appreciable deviation at lower center of mass energies.
While our focus in W -pair production at ILC is on the unambiguous signal that it provides for Z SM − Z ′ mixing, we notice the interesting possibility of model discrimination here. For example, let us compare the deviations of some of the observables from their SM values. In the case of energy and angular momentum distributions notice the qualitatively different behaviour of left-right symmetric models compared to E 6 models and LHM. Similarly, in the case of integrated and differential left-right asymmetries the E 6 model has a different qualitative behaviour compared to the LHM and left-right symmetric models.
Note that W W Z i (i = 1, 2) coupling is insensitive to differences between Z ′ models, and therefore it is the coupling of Z ′ with the initial electron and positron that enables any possible model discrimination in the present case. Thus, one would imagine that fermion pair production process is better suited to distinguish different models. In a recent study, the potential of the ILC to discriminate between Z ′ models through fermion pair production is studied in Ref. [16] . Here the sensitivity is studied by considering cross sections which are shown to be sensitive to new physics due to the availability of high statistics at the ILC. It is also shown that beam polarization does enhance the sensitivity in an essential manner. Similar studies with Drell-Yan dilepton production [17] also probe distinguishability of different Z ′ models at LHC. At the same time, our study indicates that W -pair production at ILC is capable of supplementing the fermion pair production process in model discrimination in the case of Z ′ models. More extensive analysis involving a parameter scan, also incorporating a realistic Table 6 : Left-right asymmetry for different cut-off angles at selected √ s values for different models considered with a parameter choice of θ=0.003 and ∆M = 0.1 GeV. The parameters for LHM are f =1 TeV and c=0.3 20 collider-detector simulation is required to draw conclusions regarding ability of W -pair production in model discrimination at ILC, adapting the procedure in Ref. [16] . Alternatively one may contemplate adapting different asymmetries of the type we have proposed for fermion pair production as well. Perhaps a joint analysis involving both fermion pair production and W -pair production is needed to bring out the full potential of ILC in this regard.
Our conclusions for our models is as follows: we have studied in detail each of the E 6 models denoted by χ, ψ and η and the LRSM and ALRSM models. We find that at a centre of mass energy of 800 GeV, all these models show a sharp deviation from the SM predictions for energy-energy, single-energy and angular correlations of the decay lepton(s) generally for right-handed electron and left-handed positron with realistic degrees of polarization. Curiously for ideal polarization the decay lepton fraction and A F B are insensitive to new physics for the same configuration above, as the t-channel contribution is totally absent in this case. The χ, LRSM and ALRSM models are more sensitive than the other models even with unpolarized beams. The reason for the absence of sensitivity at lower energies is due to the stringent bounds already present on the parameters of the models. The FB and LR asymmetries have also been studied, with the latter being more sensitive to new physics in all the models. These models remain less sensitive than the LHM model studied earlier. Any indication of U (1)
′ type of Z ′ in W -pair production at ILC is a clear signal of Z SM − Z ′ mixing. Apart from this, the present study points to the potential of this process to supplement the fermion pair production process in model discrimination, through a suitable combination of observables considered.
Overall a strong polarization program at the ILC will significantly enhance the diagnostic capability towards additional Z ′ bosons particularly at higher design energies.
